The mobile larval phase of sessile marine invertebrates is often critical to species distributions[@b1]. Complex behavior of marine invertebrate larvae has been established for many taxa and provides a compelling case that larval settlement is far from random[@b2][@b3]. Mechanical and chemical reception are used by invertebrate larvae to explore and selectively engage settlement sites[@b4][@b5]. Recruiting to optimal habitats is essential for sessile invertebrates, as initiation of settlement (metamorphosis) is often irreversible and successful recruitment is therefore largely linked to post--settlement environmental pressures[@b6].

Microbial biofilms (biofilms) are implicated in the larval settlement of sessile invertebrates, a process established by pioneers in this field up to 7 decades ago[@b7][@b8][@b9] and numerous others since[@b2][@b10][@b11]. Biofilms comprise communities of microorganisms, in addition to a matrix of extracellular polymeric compounds, which are thought to induce larval settlement[@b12]. Importantly, there are clear patterns of community succession in the composition of biofilms with bacteria being initial colonisers[@b12][@b13][@b14][@b15]. Development of biofilms over time involves the introduction of a diverse range of microorganisms[@b12] under ambient environmental conditions. For marine invertebrate larval settlement, the age of biofilmed surfaces, and corresponding communities, contributes to settlement success[@b16].

Increased sea surface temperatures (SST) and storm events (disturbances) associated with global climate change (GCC) are predicted to impact marine ecosystems[@b17][@b18]. Biofilm community composition can change when exposed to variable environmental conditions[@b19][@b20][@b21][@b22] with potential concomitant effects on larval settlement[@b23]. As temperature can directly influence the development and composition of biofilms[@b16], elevated SST could foreseeably have cascading consequences for the production of chemical cues that induce larval settlement. However, currently we have a very limited understanding of how larval settlement is influenced by the temperature biofilms are established at. GCC is predicted to influence biofilm community composition, not only through increased temperatures[@b24], but also by creating open space (biofilm age) due to increased disturbance events. This study therefore aims to establish the effect of temperature and age on biofilm composition and determine how that corresponds to larval settlement for the coral reef sponge, *Rhopaloeides odorabile*.

Results
=======

Larval settlement
-----------------

Larval settlement was completed by 42 hours. Age of biofilm showed a significant main effect on settlement ([Fig. 1](#f1){ref-type="fig"}: F = ~3,\ 32~ 13.42, p \< 0.01) as did temperature ([Fig. 1](#f1){ref-type="fig"}; *F* = ~3,\ 32~ 5.46, p \< 0.01). However, a significant interaction between biofilm age and temperature drove larval settlement responses ([Fig. 1](#f1){ref-type="fig"} & [2](#f2){ref-type="fig"}; *F* = ~9,\ 32~ 2.30, p = 0.04). Of interest in the interaction was the notable trend at 28°C where marginal means remained relatively consistent over all levels of biofilm age. Settlement in treatments where biofilms were developed at 28°C for 10 d was lower in comparison to 30°C, 32°C and 34°C ([Fig. 2](#f2){ref-type="fig"}). Indeed, the effect of temperature on settlement was different at every level of biofilm age for 28°C, particularly from 24--48 h and from 48 h-10 d. Moreover, the effect of increasing age of biofilm was reflected with an increasing effect of temperature, particularly from 30--34°C.

Microbial biofilm community characterisation
--------------------------------------------

MDS analysis produced an ordination which clearly separated two distinct clusters ([A & B-Fig. 3](#f3){ref-type="fig"}), where communities established at 10 d separated from newly established biofilms, irrespective of temperature. Within these two broad clusters there is evidence of gradients according to biofilm age and also temperature. For example, the cluster grouping 10 d biofilms (cluster A) also showed clear sub-groupings where biofilms at 34°C separated from biofilms developed at lower temperatures. While the patterns are less clear in cluster B, there was a weak gradient which distinguished 48 h biofilms according to temperature, where 34°C samples are grouped separately from the remainder of the 48 h temperature treatments.

Discussion
==========

Biofilm induced larval settlement of the abundant Great Barrier Reef sponge *Rhopaloeides odorabile* was strongly influenced by both biofilm age and seawater temperature. In part, our results are consistent with evidence that biofilm age, alone, is an important cue for larval settlement in many taxa, with naïve biofilms being less inductive than more developed biofilms[@b16]. Biofilm age is strongly linked to microbial succession with pioneering biofilms generally supporting a low diversity of immediate colonisers and established biofilms comprising a higher diversity of bacteria and other single celled microorganisms[@b14]. Importantly, mature biofilms support a matrix of complex molecules and morphogenic signaling compounds which are thought to contribute to larval settlement in marine invertebrates[@b2]. For benthic sessile communities, where competition for space can influence Darwinian fitness, recognition of "open space" available for recruitment is critically important[@b25]. Open space, created by disturbance events[@b26], results in bare surfaces with associated biofilm communities that can vary according to age of development and seawater temperature[@b26][@b27].

Predicted increases in SST associated with GCC[@b18] will likely influence biofilm development and composition and may also influence inter-kingdom signaling between microbes and invertebrate larvae. In this study, the most successful larval settlement occurred in response to biofilms developed for longer and at higher temperatures, with these biofilms supporting very different communities in comparison to naive biofilms (12--48 h) developed at lower temperatures (28--32°C). The MDS ordination clearly distinguished 10 d old biofilm communities, with sub-groupings showing a separation gradient according to temperature. In contrast to the increased level of sponge larval settlement, previous research has reported a shift in the microbial biofilms of crustose coralline algae (CCA) at elevated SST (32°C) with an associated reduction in the ability of the CCA to induce settlement and metamorphosis of coral larvae[@b24]. These conflicting results indicate that responses may be taxa-specific which highlights the urgent need for further research to assess multi species responses within ecologically important invertebrate phyla.

To date, research aimed at determining the consequences of climate change has largely focused on processes such as organism physiology, with considerably less effort dedicated to population level effects such as larval recruitment. As demonstrated in this study differential microbial community development, via changing environmental conditions, can have consequences for larval settlement. In *R. odorabile* the thermal tolerance of adults is narrower than larvae. Larvae survive at temperatures up to 36°C whereas adults survive at temperatures of 32--33°C[@b28][@b29][@b30]. Both life phases engage distinct molecular pathways to deal with thermal stress[@b31]. Recognizing the distinction in thermal tolerance between each life history phase is critically important for populations as the motile larval phase has the capacity to disperse away from natal reefs[@b1] and into habitats with different environmental conditions (including unique biofilm communities and corresponding larval settlement cues). The observed difference in thermal tolerance between the adult and larvae is likely due to epigenetic alterations that occur in response to different temperatures. Epigenetic forces such as DNA methylation and other mechanisms may alter the expression performance of individual genes in each life history stage and enable heritable stress response changes in the phenotype of each life history stage without altering the DNA sequence of the genome. Despite the thermal tolerance differences between life history stages in *R. odorabile*, and the findings in the present study, there are still unanswered questions surrounding adaption/acclimation of recruits to elevated temperatures predicted with climate change. Future research will therefore aim to test adaptation/acclimation of larvae, juveniles and adults to enable better predictions of how this species will respond to climate change. While a range of post-settlement processes (including climate) are important to overall recruitment[@b32] the role biofilms play as an initial settlement cue for marine invertebrates, within a changing climate, could have significant cascading effects on population persistence[@b33].

Methods
=======

Larval collection
-----------------

*Rhopaloeides odorabile* is a common Great Barrier Reef sponge, which is gonochoristic and broods parenchymellae larvae with an annual spawning period occurring during January[@b34]. Ten whole female sponges were collected from Rib Reef, central Great Barrier Reef Australia (18°29.51S, 146° 52.70E) and transported to the Australian Institute of Marine Science, Townsville, Australia (AIMS). Sponges were maintained in flow-through aquaria at AIMS which allowed the controlled collection of larvae over several hours during their afternoon release. Larvae were collected using larval traps, following established methods[@b35].

Larval settlement
-----------------

Biofilms were established in 70 ml polystyrene specimen jars, which also formed the settlement surfaces, under flow-through sea water at AIMS. The seawater system at AIMS is unfiltered and represents coastal water similar to *R. odorabile* habitat. A factorial experiment to test the effects of age of biofilm and temperature under which biofilms developed was tested; biofilms were developed at 12 h 24 h, 48 h and 10 d at four temperatures: 28°C, 30°C, 32°C and 34°C (n = 3). In previous studies with *R. odorabile* and other closely related species, larval settlement has consistently reached levels ranging from 15--80% in biofilm treatments developed at approximately 10 days[@b11][@b35][@b36] and this provided the rationale for establishing the maximum biofilm development period at 10 days in this study. The treatment at 28°C represents the approximate ambient sea temperature during spawning. Biofilms were developed in a staggered manner to allow larval settlement assays across all treatments to be run simultaneously.

Specimen jars with biofilm treatments were removed from tanks in which they were developed and each jar filled with 0.2 μm filtered seawater. Ten larvae were gently pipetted into each experimental jar and monitored for metamorphosis. Settlement and metamorphosis of marine invertebrate larvae are terms that are often used interchangeably within the literature but reflect different life stages[@b2]. Metamorphosis represents a life stage where the larva undergoes clear changes that begin to reflect juvenile morphology[@b2]. Because this is the first stage toward recruitment only larvae that had undergone clear metamorphosis were scored. Metamorphosis of *R. odorabile* larvae is therefore defined as attachment to the surface and flattening of the entire body to form a disc like morphology, the centre showing the remnants of the posterior larval pole[@b35]. We use the term settlement throughout for ease of readership.

Microbial biofilm community characterisation
--------------------------------------------

Biofilm community composition was analysed using Denaturing Gradient Gel Electrophoresis (DGGE). Biofilmed surfaces were sampled by thoroughly swabbing the surfaces of specimen jars using sterile cotton swabs which were subsequently frozen in liquid nitrogen, pending DNA extraction. DNA was extracted from biofilm samples (cotton swabs) using the Power Plant DNA Isolation kit, MoBio Laboratories (Carlsbad, CA) according to the manufacturer\'s protocol. The 16S rRNA gene from each biofilm sample was amplified by PCR with primers 1055f and 1406r[@b37] with the reverse primer incorporating the GC clamp[@b38]. PCR reactions were performed as described by[@b37]. Products from triplicate PCR reactions were combined and 15 μl applied to duplicate 8% w/v polyacrylamide (37.5:1) gels containing a 50--70% denaturing gradient of formamide and urea. Gels were electrophoresed at 60°C for 17 h in 1 × TAE buffer at 50 V using the Ingeny D-Code system. Gels were stained with 1 × Sybr Gold for 30 min, visualised under UV illumination and photographed.

Data analysis
-------------

Larval metamorphosis was analysed by 2 factor Analysis of Variance (ANOVA) using larval metamorphosis scored at the completion of the experiment as the response variable, and age of biofilm development and temperature of biofilm development as fixed factors. Analysis of the biofilm community composition relied on 16S rRNA gene fingerprints of the DGGE gels which were manually assessed and a matrix constructed using the presence (1) or absence (0) of a band in each sample. Non-metric Multidimensional Scaling (MDS) ordination was then applied to this data using Primer+PERMANOVA software package (PRIMER-E Ltd) to visually assess the influence of time and temperature on biofilm community composition. MDS patterns were complimented by cluster analysis (using group average on a Euclidean distance matrix) within the Primer+PERMANOVA package to help establish differences among the treatments.
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